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The chemistry of cesium and iodine is of main importance to quantify the radioactive release in case of a
nuclear reactor accident, or sabotage involving irradiated nuclear materials. We studied the interaction of
CsI with different metallic ﬁssion products such as Mo and Ru. These elements can be released from
nuclear fuel when exposed to oxidising conditions, as in the case of contact of overheated nuclear fuel
with air (e.g. in a spent fuel cask sabotage, uncovering of a spent fuel pond, or air ingress accidents).
Experiments were performed by vaporizing mixtures of the compounds in air, and analysing the pro-
duced aerosols in view of a possible gasegas and gaseaerosol reactions between the compounds. These
results were compared with the gaseous species predicted by thermochemical equilibrium calculations
and experimental equilibrium vaporization tests using Knudsen Effusion Mass Spectrometry.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
High standards in safety is a key pillar for the civil application of
nuclear technology and is necessary for its acceptance by the
public. For these reasons extensive research has been performed on
the release of radioactive materials following accidents involving
nuclear fuel. Iodine and cesium release has been especially studied
due to their volatility and radiological health effects. Moreover in
recent years low-volatile metallic elements (e.g. ruthenium and
molybdenum) have gained interest, following the observation of
their substantial radioactive release during accidents involving
oxidising conditions [1]. In these scenarios volatile oxide species
such as RuO3, RuO4, or MoO3 can be formed. With our experiments
we aim at evaluating the interaction of CsI with these ﬁssion
products and its effect on the radioactive release. CsI has been
chosen as this compound is believed to be one of the stable forms in
which Cs and I can be found in the fuel during normal operation
[2,3] and a main species released from the fuel under accidental
conditions.
Many studies have been conducted on the release of radioactive(F.G. Di Lemma), jean-yves.
B.V. This is an open access article uspecies as gases or aerosols during accidental conditions (e.g. Refs.
[4e11]). The “State of the Art Report on Nuclear Aerosols” from the
NEA (Nuclear Energy Agency) of the OECD (Organisation for Eco-
nomic Co-operation and Development) is an important and com-
plete reference, summarizing the experiments and most important
ﬁndings on nuclear aerosol release [5]. Following the ﬁrst studies
after the Three Mile Island accident, it was generally accepted that
iodine would be present in the reactor coolant system as caesium
iodide, and it was suggested it could be partly emitted in volatile
form in the containment [12]. Ruthenium andMolybdenum release
was generally not investigated, as these elements were thought to
be retained in metallic form in the fuel. An important progress in
understanding radioactive release was achieved by the Phebus-FP
project (1993e2012, [1,4]). This was an integral test consisting of a
scaled PWR, in which a controlled core degradation was triggered
to study the release of ﬁssion products. With respect to the
chemical speciation of iodine the Phebus-FP results showed that
“caesium iodide is not the only likely species. The presence of
gaseous iodine in the containment model of the Phebus experi-
ments led to the hypothesis that a fraction of the iodine was
emitted into the containment in a gaseous form.” [12]. Moreover in
some tests a higher release of the less-volatile elements was found,
such as Ru and Mo [1]. After this project new experimental pro-
grams have been launched to try to solve some of new questions
that arose, such as the possible reaction of iodine with othernder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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lybdenum in highly oxidising conditions.
In this context, the interaction of CsI andMowas investigated by
IRSN (Institut de Radioprotection et de Sûrete Nucleaire) in the
GAEC (Generation of AErosol in the primary Circuit) facility. CsI and
MoO3 were vaporized in a furnace, and the gaseous species and the
aerosols produced were analysed. These studies [13,14] showed
that caesium molybdates were formed due to gaseous reactions,
leading to the formation of gaseous iodine. In the framework of the
International Source Term Program (ITSP) also parallel studies have
been performed in a new facility (CHIP, CHemistry of Iodine in the
Primary circuit) with the aim of identifying the chemical elements
that react with iodine in the primary cooling system after a core
degradation accident [15].
Studies of the ruthenium behaviour have focused on its release
fromUO2 fuel or simulated ZrO2 fuel [16e18], and less attention has
been given to its interaction with other ﬁssion products or reactor
materials. An interesting study was performed by Mun and co-
workers [19,20]. They investigated the interaction of Ru with
containment surface materials (stainless steel and paint) to eval-
uate the possible retention by these materials. Also Holm et al. [21]
studied the ruthenium interaction with containment surfaces,
focussing on aluminum, copper and zinc. In other experimental
tests conducted by Hozer et al. [18] and Ver et al. [22], the inter-
action of Cs and Ru was studied. Experiments were conducted in a
vertical furnace and a thermal gradient quartz tube was used to
collect RuO2, followed by an absorbing NaOH solution to collect the
gaseous RuOx species released. From these experiments they
concluded that the presence of Cs could delay the release
maximum of Ru and lower its concentration in the absorber.
It is thus evident that knowledge of the gasegas and
gaseaerosol reactions in the binary CsIeMo and CsIeRu systems in
air is important. Our work presented here has the aim of under-
standing the effect of such reactions on the radioactive release from
nuclear fuel and on the aerosol characteristics. These studies helpFig. 1. SEM image of CsI particles collected on ﬁlters (a) and aluminum substrates (b), show
sample.predicting better the source term of spent fuel in accidental events
during its storage or transport, and also understanding better the
chemical reactions taking place in a reactor during accidental sce-
narios. In our experiments we have ﬁrst analysed the aerosol for-
mation for the low volatile ﬁssion products Mo and Ru as well as CsI
in oxidising conditions, and then for their mixtures in order to
understand the effect of their interaction on the aerosol charac-
teristics and on the iodine release. The results from the experi-
ments have been compared to the analyses of the vaporization
process by thermochemical equilibrium calculations and Knudsen
Effusion Mass Spectrometry (KEMS) experiments. These permitted
the understanding of the reactions taking place in the gaseous
phase and to identify the aerosol precursors.
2. Experimental
The aerosol generating set-up applied in our study has been
already described in detail elsewhere [23], and in this paper we
summarize some of its important features. A laser is used to heat
the sample to high temperature, partially melting and vaporizing it.
n our experiments the time necessary to heat the sample from
room temperature to the maximum “steady state” temperature is
much shorter than the dwell time at high temperature (transients
ca. 2 ms, dwell at high temperature ca. 28 ms). Thus the vapour
generated during this short transient by sublimation of the solid
will be minimal and is considered as negligible. Moreover laser
ablation can be excluded for our experiments due to the low power
density on the sample reached with the laser pulse applied. The
formed vapour ﬁnally condenses rapidly, forming aerosols, in the
chosen cooler environment; in this study air at 1 bar pressure and
ca. 23 C.
The aerosols formed are then collected by different systems,
depending on the post-analyses to be conducted (e.g. SEM/EDX,
ICP-MS, Raman spectroscopy). Collecting substrates used were
Millipore ﬁlters or aluminum foils. The latter were used asing high degree of necking. Inﬂuence of the collecting substrate can be noticed for the
Fig. 2. Ruthenium particles collected on aluminum substrates by the MOUDI impactor, showing spherical micrometer particles (a) and chain agglomerates (b) of nanometric
dimension (fractal-like structures).
Fig. 3. Raman spectra measured on the laser-melted pellet and on the aerosols
collected on the aluminum substrates. They show the band of RuO2 and a shift and
broadening of the bands for the aerosols, related to the size effect. These effects were
stronger for the smaller particles collected by the MOUDI impactor on stage 8 (cut-off
size of AED 0.18 mm grey line) than for the one collected on stage 7 with a bigger AED
(cut-off size of 0.36 mm, black line).
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Corporation model 110R). With the impactor we can separate the
particles by their AED (Aerodynamic Equivalent Diameter). This
permits to analyse the particles separately for different AED size
range and consequently to gain information as function of the
particle dimensions. An important modiﬁcation has been made in
the set-up compared to our earlier description, consisting of a
vertical sample holder to avoid losses in the bends.
The results obtained from the aerosol characterisation have
been compared with experiments performed by Knudsen Effusion
Mass Spectrometry (KEMS), and with thermochemical equilib-
rium calculations, performed by FactSage software [24,25] using
the data from the HSC thermodynamic database [26]. These
studies were performed to evaluate the gaseous speciation in
equilibrium conditions, which helps understanding the chemical
interactions and the gaseous aerosol precursors. The KEMS has
been described by Hiernaut et al. [27], and it consists of a Knudsen
cell coupled with a quadrupole mass spectrometer (with mass
range of 1e512 amu). The cell is heated by a tungsten coil, and can
be operated in vacuum or with a small ﬂow of different gases (e.g.
oxygen). Themolecular beam effusing from the cell is directed and
collimated into the ion source of a quadrupole mass spectrometer
(electron energy 34 eV), in order to detect the gaseous species as
function of the temperature. Calibration of the system was per-
formed by vaporizing a known quantity of silver, done together
with the sample.
Samples of CsI, Mo, Ru, and their mixtures tested were made
of commercial powders (Alfa Aesar) pressed into pellets of 5 mm.
Rapid laser pulses were used to heat and vaporize the materials.
The pellet surface temperature was measured by a fast high
temperature pyrometer as described in Ref. [23]. The tempera-
tures reached were different even when applying the same
conditions (square laser pulse of 3600 W lasting 30 ms), due to
the different thermal and surface properties of the tested
materials.
In our tests we have used a simpliﬁed composition for the
samples, and onlymixtures of CsI with onemetallic ﬁssion products
(Mo, Ru) have been studied, realising that in the nuclear fuel the
chemical form of these elements will be different and more com-
plex. Ru and Mo are present in the fuel in the form of metallic
precipitates together with other noble metals, forming the so-
called 2-phase (an alloy containing mainly Mo, Ru, Tc, Rh, Pd).
The composition of these precipitates changes during reactor
operation, following the ﬁssion product yields and the oxygen po-
tential in the fuel [28]. The choice of studying the interaction of only
Mo and Ru with CsI, was related to their higher afﬁnity to oxygen,
the interest for their release following the results of the Phebusexperiments [1] and the possibility of forming mixed compounds
with different properties (Cs2 XO4), which can inﬂuence the release
of iodine from CsI.3. Results for the individual compounds
3.1. CsI
The aerosols collected were spherical individual particles
ranging from 400 nm to micrometer dimension (geometric diam-
eter). Strong necking was observed for these particles. This is
related to the theory of coalescence and collision rates [29], which
states that when the collision time is smaller than the coalescence
time, particles will collide without coagulation forming chain ag-
glomerates. On the other hand when the collision time is longer
than the coagulation time, particles will coagulate almost in contact
forming bigger spherical particles. Finally, when the collision time
is smaller than the coalescence time and this difference is small an
intermediate status occurs, leading to the formation of
Table 1
Summary of the main results from the aerosol characterisation and thermochemical equilibrium vaporization calculations.
CsI Mo Ru
Laser vaporization  Particles present high-degree
of necking
 Nanometric complex
agglomerates
 Fractal like agglomerates
 Chemical form CsI (EDX)  Chemical form MoO3
(Raman spectroscopy)
 Chemical form RuO2 (Raman spectroscopy)
Equilibrium
Calculationsa
 Congruent vaporization
CsI(g) and
Cs2 I2(g) major species
 MoO3(g) is the main
vapour species formed
 RuOx contribution to the vapour phase varies
with temperature.
a Parameters applied for all calculations were a ﬁxed pressure of 105 Pa and ﬁxed O2 activity at 0.21, using the equilibrium module of Factsage and the data from the HSC
thermodynamic database [26].
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The particles were also analysed by EDX and their composition
showed a Cs/I ratio of 1. This indicates that dissociation of this
compound during the laser heating did not occur.
3.2. Molybdenum and ruthenium
The results of the aerosol tests for molybdenum were already
presented in our recent paper [23]. The study showed different
aerosols morphologies: individual big micrometer spherical parti-
cles and agglomerates of smaller nanometric particles were
collected, but also nanometric rectangular plates (formed due to
high degree of recrystallization in the orthorhombic phase). Raman
spectroscopy revealed that the main compound of the aerosols was
orthorhombic MoO3.
SEM analyses of the tests performed on ruthenium showed two
classes of aerosols based on their morphology. Individual big
micrometer spherical particles and string-like agglomerates of
smaller nanometric particles were collected (as shown in Fig. 2),
similar to the molybdenum aerosols. They can be related to
different formation phenomena [5,23,29e31]. The bigger particlesFig. 4. SEM/EDX analyses of the CsI þ Mo particles collected on MOUDI impactor. On the
agglomerates; on the bottom left (c) the liquid layer enriched in iodine. On the bottom r
the irregular agglomerates containing Cs2 MoO4 were observed.are formed by the ejection of the molten material due to thermal-
mechanical effects. The nanometric particles are formed from the
nucleation and condensation of the released vapour. These nano-
metric particles agglomerate strongly during transport due to
Brownian diffusion and turbulence, forming fractal-like structure. It
was not possible to observe clearly these fractal-like structures for
molybdenum. For this material more primary particles were
formed due to the higher quantity of material released and the Mo
aerosols folded themselves with increasing primary particles
number. The Ru fractal-like agglomerates were collected in the
smaller AED size range, while the bigger spherical particles were
collected on the ﬁrst stages of the impactor (with the bigger
AED > 1 mm). Although these bigger particles were not the prime
focus of our study because they are not related to the vaporization
process, elemental and morphological analyses have been per-
formed as a comparison to the nanometric particles.
The Raman spectra of the collected aerosols for the experiments
with Ru showed the bands of RuO2 (Fig. 3). This suggests that the
ruthenium is vaporized in the oxide form, similar to molybdenum.
We observed that the oxidation also occurs on the pellet surface
and that the release can thus be enhanced due to the formation oftop left (a) an overview of the particles collected; on the top right (b) the fractal-like
ight (d) the spherical bigger CsI particles, the nanometric agglomerates of MoO3 and
Fig. 5. Raman spectra obtained for CsI þ Mo aerosols collected on the different stages
of the MOUDI impactor. This has been compared with the standards measured. The
particles showed the typical peaks of MoO3, but also the presence of caesium mo-
lybdates compound spectra.
F.G. Di Lemma et al. / Journal of Nuclear Materials 465 (2015) 499e508 503the oxide in themolten layer (as observed also in Ref. [23]), as these
oxides have a higher volatility with respect to the metallic form.
The Raman spectra of the ruthenium aerosols were compared to
those reported for ruthenium oxide ﬁlms by Meng et al. [32], and
showed very similar pattern. They revealed some modiﬁcations
with respect to the bulk material (pellet), in particular a broadening
and a red-shift of the Raman bands. This shift can be explained by
the phonon conﬁnement theory [33,32], and is related to the
nanometric dimension of the particles. This theory indicates that ”if
the medium surrounding a nano-grain does not support the
vibrational wavenumbers of a material, the optical and acoustic
phonons get conﬁned within the grain of the nanostructured ma-
terial. This leads to interesting changes in the vibrational spectrum
of the nanostructured material as compared to that of the bulk…
Theoretical models and calculations suggest that the conﬁnement
results in asymmetric broadening and shift of the optical phonon
Raman line…” [33]. These effects were in fact stronger for the
smaller particles collected by theMOUDI impactor on stage 8with a
cut-off size of AED 0.18 mm (grey line) than for the ones collected
on stage 7 with a bigger AED (with a cut-off size of 0.36 mm, black
line).
Thermochemical calculations were performed with the equi-
librium module of FactSage software for a constant pressure of
105 Pa and an O2 activity of 0.21. These conditions have been chosen
as our experiments consist of the vaporization of a small amount of
material in a comparatively large vessel at atmospheric pressure in
which air ﬂows. During the experiments the gases are free to
expand in the vessel environment and then condense, generating
the particles. The gaseous species at equilibrium over the examined
samplewere analysed as function of the temperature, to predict the
gaseous aerosol precursors. A summary of the results obtained is
shown in Table 1. For Mo the main vapour species is MoO3 which
was also the main aerosol compound detected by Raman spec-
troscopy. The calculations showed a more complex vapour chem-
istry for ruthenium as various gaseous oxides will be formed, RuO3,
RuO4 and RuO2. Their contribution to the gaseous phase changes as
function of temperature. The detection of RuO2 in the Raman
spectra of the aerosols is related to the decomposition of these
different gaseous oxides to the most stable Ru oxide solid form(RuO2).4. Results for the mixtures
4.1. The CsI þ Mo mixtures
The tested pellets had a composition of 33 wt.% CsI and 67 wt.%
Mo. This composition was chosen to take into account the Mo
formed as a ﬁssion product but also the Mo related to the structural
materials (stainless steel-3162), and taking as an example the ratio
applied in the “Essai 3” experiment by Lacoue-Negre [13]. The
samples were heated by a rapid laser pulse (3600W for 30 ms) and
reached a temperature of 3000e3500 K. These temperatures are
higher than those reached with same conditions in tests on pure
CsI, which were performed for comparison, and is related to the
presence of Mo. Molybdenum adsorbs the laser light better and acts
as a thermal conductor, distributing the heat to the CsI powder
dispersed in the pellet. The higher temperature leads to higher total
mass release with respect to the test using only CsI.4.1.1. Aerosol morphology and composition
SEM analyses of the collected particles showed several features
(Fig. 4). On one hand separated aerosols of the starting compounds
were found (CsI andMoO3). These showed similar characteristics as
observed for the individual components tested. They were gener-
ally collected as spherical particles on the ﬁrst stages of the MOUDI
impactor (Stage 0e2 with bigger AED > 5.2 mm) and in the smaller
AED as agglomerates. The aerosols collected were predominantly
CsI particles with a Cs/I ratio of 1 in these ﬁrst impactor stages. Mo
was also collected in the ﬁrst stages as spherical individual parti-
cles, and after stage 3 (with AED < 3.6 mm) in higher quantity as
string-like agglomerates. These agglomerates were formed by
nanometric particles, which similarly to the pure component
aerosols, folded themselves in irregular agglomerates after stage 4
of the MOUDI impactor (AED < 1.8 mm).
On the other hand, in the smaller AED (from stage 4 of the
MOUDI impactor) also aerosols of irregular shapewere found. SEM/
EDX analysis showed the presence of the three elements (Cs, I, Mo).
The concentrations of these elements in the aerosols were variable,
not permitting the identiﬁcation of their chemical form. The for-
mation of these mixed aerosols with a Cs/I > 1 could be a ﬁrst
indication of the formation of caesium molybdate. Another sign of
reaction of CsI andMoO3was the observation of a deposit of free I in
stage 7 (AED of 0.36 mm, as shown in Fig. 4). This can be explained
by the following Reaction 1:
2CsIðsÞ þMoðsÞ þ 2O2ðgÞ ¼ Cs2MoO4ðsÞ þ I2ðgÞ (1)
Raman analyses were also conducted on the collected particles
and revealed the chemical composition of the aerosols. For the
interpretation of the spectra a comparison has been made with
literature data and a standard of Cs2 MoO4 (99.9% purity from Pfaltz
& Bauer). The results showed the presence of two different aerosols
species (as observable in Fig. 5), as also already inferred from the
SEM/EDX analyses. The spectra of the aerosols are in fact a convo-
lution of two compounds when compared with the standards
measured:
 MoO3 (grey solid line), in agreement with literature sources
[34,35].
 Cs2 MoO4 (grey dashed line), comparable with the data from
Lacoue-Negre [13] and our standard.
The MoO3 aerosols were formed by the vaporization of the Mo
in an oxidizing environment, while the cesium molybdates are the
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which were detected by SEM/EDX, could not be detected by Raman
spectroscopy as the vibrations of this compound are Raman
inactive.
Finally the pellet surface has been analysed after the laser
vaporization to obtain additional information on the vaporization
process. The results from the SEM/EDX analysis showed a lower
concentration of iodine in the laser heated area. This again dem-
onstrates an in-congruent and preferential vaporization of iodine
and suggests that the reaction already partially took place during
the heating stage.4.1.2. The vaporization process
The results of the thermochemical equilibrium simulations
conﬁrm the formation of Cs2 MoO4 according to Reaction 1. The
formation of this compound is favoured up to high temperature.
Moreover it can be observed from Equation (1), that the formationFig. 6. Results from the thermoechemical equilibrium calculations for the two mixtures (C
perature. In ﬁgure c the gaseous species released is shown, this has been obtained integra
condensed phases will be formed from these gaseous species is shown. Due to the reactio
condensed phases. This will lead to a slight increase in the concentration of the compounds.
but a minor effect when Cs2 RuO4 is formed.of Cs2 MoO4 can lead to the formation of molecular iodine (I2(g)).
The equilibrium calculations performed for the experimental
test with the 33wt.% CsI and 67wt.% Mo composition showed that
under equilibrium conditions I2, Cs2 MoO4, and MoO3 are the stable
solid phases at 298 K, while CsI was not. However, in our tests we
performed a rapid quench and non-equilibrium conditions are
likely to be achieved in the aerosol formation process. For this
reasonwe have approximated the composition of the aerosols from
the calculated cumulative released vapour species in an air envi-
ronment. Fig. 6 (a) shows the gas phase composition as function of
the temperature (normalized with respect to the maximum value
of the total molar release), as obtained from the equilibrium cal-
culations. The calculated aerosols composition, shown in Fig. 6 (c),
has been obtained by integrating the gaseous molar release over
the complete temperature range of the laser vaporization experi-
ments (up to 3500 K, as measured by the pyrometer). This has been
performed as the kinetics of gas phase reactions are fast, thus thesIeMo (a) and CsIeRu (b)), showing the gas phase composition function of the tem-
ting the total molar release up to 3500 K. On the x axis the temperature at which the
n of Cs and I to form CsI(s), we will have a decrease in the total molar content in the
These ﬁgures show the strong effect on I2(g) release due to the formation of Cs2 MoO4,
Fig. 7. Results from the KEMS tests performed on the mixture of CsI þ Mo powder.
Tests were performed in oxidising condition with a constant ﬂow of oxygen. The mass
spectrometer showed the release of Cs2 Iþ shown as representative of the CsI(g)
release, followed by the release of Cs2 MoO4þ related to the Cs2 MoO4(g), and ﬁnally of
the MoO2þ representing MoO3(g). This behaviour is in good agreement with the ther-
mochemical equilibrium calculations. The fragmentation of the species is related to the
electron energy applied for ionization in the mass spectrometer 34 eV.
Fig. 8. KEMS spectrum from the experiment performed on pure Cs2 MoO4 powder at
1320 K and 30 eV, showing the main ion signal in the mass spectrometer.
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the solid phase, maintaining their chemical composition. In Fig. 6
(c) the different compound concentrations are presented together
with the temperature at which the solid phase is assumed to be
formed from the gaseous species released (e.g. MoO3(s) from
MoO3(g), MoO2(g), MoO(g)). As shown in Fig. 6 (a) the calculationsTable 2
Summary of the main results from the aerosol characterisation and equilibrium vaporiza
Composition CsI þ Mo 33%/66% wt.
Laser vaporization  Particles with Cs/I ratio  1/1 (EDX)
 MoO3 particles(Raman spectroscopy)
 Cs2 MoO4 particles (Raman spectroscopy)
 Deposit of Iodine detected (SEM)
Equilibrium calculationsa  The results are in agreement with laser
vaporization experiments
 MoO3, Cs2 MoO4, and a high I2(g) excess was pr
KEMS experiments  Formation of Cs2 MoO4 was detected
a Parameters applied for all calculations were a constant pressure of 105 Pa and constan
thermodynamic database [26].conﬁrmed the inﬂuence of the CsIeMo reaction on the formation of
free I2(g). For Fig. 6(c) it has been hypothesized that Cs(g) and I(g)
will recombine during condensation forming CsI(s) because they
condense at very low temperature and thus have a comparatively
long recombination time. However an excess of I can be observed
(related to a low temperature release, as shown in Fig. 6(a)). This
gaseous excess release will then condense to I2(s), which can
explain the deposit collected in the laser vaporization experiments
on stage 7 of the MOUDI impactor. The release of excess iodine is
related to the formation of Cs2 MoO4 as shown in Reaction 1.
Our calculations, using the vapour composition to predict the
aerosols compositions, are in good agreements with the aerosol
characterisation, showing the presence of CsI, MoO3, Cs2 MoO4
aerosols and a deposit of I2. Calculations of the gaseous species
released in a constant volume and constant oxygen potential
(0.21 bar) were performed as well and showed no major difference
in the release trends.
Finally, experiments were performed by heating the powder
mixture under a controlled ﬂow of oxygen (its pressure was in the
range of 1e10 Pa) in the KEMS facility, showing a ﬁrst release of
CsI(g), followed by the release of the formed Cs2 MoO4(g), and
ﬁnally of the MoO3(g) (as shown in Fig. 7), in agreement with the
results of the thermochemical calculations. From this experiment
we could conﬁrm the formation and vaporisation of Cs2 MoO4 in
the gaseous phase. The Cs2 MoO4þ species was used to identify
gaseous Cs2MoO4 as it is the ionwith highest signal of the ones that
are not subject to interference from other species. This was
observed in KEMS experiments of fragmentation behaviour of pure
Cs2 MoO4 (99.9% purity from Pfaltz & Bauer). The ionisation efﬁ-
ciency curves were measured at around 1320 K (Fig. 8). The frag-
mentation of the Cs2 MoO4 species at 30 eV showed that the major
signal was the one of Csþ followed respectively by Cs2 Oþ, Cs2þ,
CsOþ, Cs2 MoO4þ in the range of 1 to 0.1 % of the signal of Csþ,
whereas below 0.1% Cs2 MoO3þ, Cs2 O2þ and Cs2 MoO2þ were
observed. Some CsMoOþ may have been detected very close to the
background as well.
A summary of the experimental results is given in Table 2.
4.2. The CsI þ Ru mixture
The pellets were made of equal quantities of CsI and Ru (50/
50wt.%) ﬁrst, a simpliﬁed composition to test the effect of Ru on the
release and aerosols formation processes. In a second experiment
the Ru content was increased to 63 wt.%. This was performed to
collect more RuOx in order to try to understand thermochemical
partitioning as a function of the aerosol size for this mixture. The
samples were heated by a rapid laser pulse (3600 W for 30 ms).
Similar to the CsI þ Mo mixture the laser heating brought the
sample to a higher temperature (ca. 3500 K) compared to CsI only,
leading again to higher total mass released, due to the presence of
the metal. Aerosols were collected with the MOUDI impactor fortion experiments and calculations for the mixture compounds.
CsI þ Ru 50%/50% wt., 37%/63% wt.
 Particles with Cs/I ratio 1/1 (EDX)
 RuO2 particles (Raman spectroscopy)
 Cs2 RuO4 particles (Raman spectroscopy)
 No deposit of Iodine (SEM)
edicted.
 The results are in agreement with laser
vaporization experiments
 RuO2, Cs2 RuO4, and a minimum I2(g) excess was predicted.
 Formation of Cs2 RuO4 was not detected
t O2 activity of 0.21, using the equilibriummodule of Factsage and the data of the HSC
F.G. Di Lemma et al. / Journal of Nuclear Materials 465 (2015) 499e508506post-analyses and again an air environment was used in the
experiments.4.2.1. Morphological and chemical analysis
The particles collected showed similar characteristics as the
mixed sample containing Mo. Fractal-like agglomerates as well as
big micrometer spherical particles were collected (as shown in Fig.
9). The big particles contained the starting phases. In these tests the
aerosols collected were mainly formed of CsI, while rutheniumwas
collected in all the aerosols in low concentration. This is probably
due to its lower volatility with respect to CsI. The only aerosols
containing a high concentration of Ru were collected in the ﬁrst
stages as individual particles. The formation of these particles can
be again related to the ejection of the liquid surface by thermal-
mechanical shock. Increasing the Ru content in the pellet did not
change drastically this low release. Finally also the EDX analysis
conﬁrmed that ruthenium has been preferentially retained in the
sample, showing in fact a higher concentration of ruthenium in the
pellet molten area.
In the MOUDI stages with smaller AED (<3.6 mm) particles
containing Cs and Ru were detected by EDX, similar to the mixed
samples with Mo. To understand if this could be related to the
formation of a mixed compound, we analysed the aerosols by
Raman spectroscopy (as shown in Fig. 10). The analyses showed the
presence of new bands in the 700e900 cm1 range compared to
the initial mixture, which indicate the formation of a mixed com-
pound such as Cs2 RuO4. No Raman spectrum has been reported for
this compound in literature, but because the iso-structural Cs2
MoO4 also shows vibrations between 800 and 900 cm1, we
inferred the formation of Cs2 RuO4. This was conﬁrmed by the re-
sults of a measurement of a standard of Cs2 RuO4 that was syn-
thesized, following the procedure described by Ball et al. [36], the
details of which are reported in Ref. [37].Fig. 9. Particles collected on the MOUDI impactor plates, for the CsIeRu mixed pellets. On
glomerates structures of Ru, on the bottom (ced) CsI spherical aerosols.4.2.2. Vaporization process
The thermochemical equilibrium calculations indicate that Cs2
RuO4 could form. This leads again to the formation of free gaseous
iodine, as given in Reaction 2:
2CsIðsÞ þ RuðsÞ þ 2O2ðgÞ ¼ Cs2RuO4ðsÞ þ I2ðgÞ (2)
The low yield of this reaction, leads to the formation of a low
excess of I(g) (<0.3%moles with respect to Cs(g), as shown in Fig. 6).
The formation of Cs2 RuO4 thus has only a small inﬂuence on the
incongruent vaporization of Cs(g) and I(g).
Our thermochemical calculations were performed with con-
stant pressure and oxygen activity as applied for the CsI þ Mo
mixture, The aerosol composition was obtained similarly, by inte-
grating the gaseous molar release up to the temperature of our
experiments and approximating the solid composition from that of
the vapour. The vapour composition over the sample (CsI/Ru 37/
63 wt.%) as function of the temperature is shown in Fig. 6 (b). These
calculations indicate that gaseous CsI will be the main phase
released during our experiments. At higher temperature gaseous
RuOx species (RuO3, RuO4, RuO2, RuO) will be formed but the
released quantity of these oxides will be very low. This explains the
small quantity of ruthenium aerosols detected in our experiments.
Due to the small excess of free iodine released (as shown in Fig. 6
(b) from 700 to 1900 K), it was not detected in our tests.
Also for these tests calculations of the gaseous species released
in a constant volume and constant oxygen potential (0.21 bar)
were performed and showed that the result could be quite
different. Contrary to what was observed in our experiments, high
release of Ru gaseous species (RuO3, RuO4, RuO2, RuO) was pre-
dicted with constant volume, together with a small release of CsI.
This shows that although the experiments are performed in a
closed cell, the fact that the environment is kept at room condi-
tions and not inﬂuenced by the insertion of a small amount of
gases at high temperature, will permit the free expansion of the
gases in the experiments with minimum difference to a freethe top left (a) the bigger spherical particles containing Ru, on the top right (b) ag-
Fig. 10. Raman spectra collected from the aerosols collected on MOUDI impactor plates
for the CsIeRu mixed sample. The aerosols show bands of RuO2 but also the clear
contribution of Cs2 RuO4 to the spectra.
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The formation of Cs2 RuO4(g) was not observed in the KEMS
experiment with this powder mixture (CsI/Ru 37/63 wt.%). This
experiment was performed in a O2 ﬂow its pressure was in the
range of 1e10 Pa, and it is probably due to the low yield of the
formation of this compound, as shown by the thermochemical
equilibrium calculations. Moreover it has been observed by
comparing the predominance phase diagrams for CseMoeO and
CseRueO systems (Fig. 11) that Cs2 RuO4 is formed in a more
limited ﬁeld of oxygen and cesium chemical potentials compared to
Cs2 MoO4, which were not achieved in the KEMS experiments on
the CsI þ Ru mixture.
A summary of the experimental results is shown in Table 2.Fig. 11. Predominance phase diagram for the two ternary mixtures at 3500 K, showing the hi
with respect to Cs2 MoO4 formation from the CseMoeO system.5. Discussion and conclusions
Our study has shown that the metallic ﬁssion products mo-
lybdenum and ruthenium can react with CsI in oxidising condi-
tions. This leads to the formation of free (molecular) iodine as a
result of the breaking of the CsI bond, due to the formation of
new chemical compounds (Cs2 XO4). For the case of CsI and Mo,
this will have a substantial impact as an increase of the iodine
gaseous release was observed both in the experiments, as
conﬁrmed by the calculations. On the other hand Cs will be
trapped in the less volatile compounds Cs2 MoO4 or Cs2 RuO4
with respect to CsI, but this effect was much smaller in case of
Ru. The SEM/EDX analyses and the thermochemical equilibrium
calculations have shown that the new compound (Cs2 RuO4)
forms with low yield and it has a small contribution to the gas
phase. Since its vapour pressure is similar to that of the RuO4,
this will not lead to substantial differences in the radioactive
release of ruthenium.
For the CsIeMo sample the experiments showed a dependence
of the chemical composition as function of the particles AED
diameter. The smaller particles were mainly composed of MoO3
agglomerates, while the bigger particles contained mainly CsI. In
the middle AED range, ﬁnally, the Cs2 MoO4 compound was
detected. This chemical size partition must be considered when
assessing the radiological effects of an environmental release. The
size of the particles is in fact one of the most important parameter
inﬂuencing the air-borne transport and thus the health risks
associated with their inhalation. Finally the low release of Ru in the
experiments withmixed CsIeRu powder, did not permit to evaluate
such behaviour.
Precedent studies conducted by Gouello et al. [15] and Ver et al.
[22] have shown the possibility of reaction of Cs with metallic
ﬁssion products during nuclear reactor accidental scenarios.
Gouello et al. observed the formation of cesium molybdates from
CsI and MoO3 vapours in steam [15] during simulated accidental
conditions using a thermal gradient tube, indicating that thegher oxygen potential necessary for the CseRueO system for the formation of Cs2 RuO4,
F.G. Di Lemma et al. / Journal of Nuclear Materials 465 (2015) 499e508508reaction could have an effect on the iodine release. Ver et al.
observed a delay on the release of Ruwhen Cs was present [22], and
related this to the formation of cesium ruthenate, but its formation
was not demonstrated directly. Our laser heating experiments for
CsIeMo and CsIeRu mixtures in air have clearly demonstrated that
these intermediate compounds (Cs2 XO4) are also formed during
very rapid thermal transients in air indicating that the kinetics of
the reactions are favourable under these conditions as well. In the
case of CsIeMo we have also observed the concomitant formation
of free iodine. Finally, KEMS equilibrium measurements performed
in our study on the same mixtures under a O2 ﬂow (its pressure in
the range of 1e10 Pa) showed the formation of Cs2 XO4 only in case
of CsIeMo mixtures, whereas our thermochemical calculations
conﬁrmed the stability of both compounds under equilibrium
conditions.
These experiments revealed the rapid kinetics of the metal-
cesium reactions under oxidising, even in absence of steam, thus
demonstrating the importance of the gas phase chemistry. From
the agreement between the aerosol characterisation of the laser
heating experiments and the results for the vapour phase compo-
sition calculated at equilibrium conditions we can conclude that in
our experiments near-equilibrium conditions were attained during
the heating phase. This observation is consistent with the work of
Welland et al. [38], who demonstrated by phase ﬁeld simulations
that local equilibrium conditions can be obtained in fast laser
heating experiments at such high temperatures. On the other hand
the quenching of the vapour is a rapid process taking place at lower
temperatures, and agreement with the equilibrium condensed
phases predicted by the thermochemical calculations is less
obvious, indicating that solidestate reactions could not take place.
Therefore we conclude that the (temperature integrated) vapour
composition must be used to explain the chemical form of the
aerosols collected in our experiments.
Finally, it can be concluded that partitioning of the chemical
compounds over the aerosol size range must be taken into account.
This inﬂuences the risk associated with the inhalation of such
particles in case of a spent fuel pool dry-out or accident during
transport of spent nuclear fuel. The formation of Cs2 MoO4 will lead
to formation of Cs-containing particles of smaller AED and release
of molecular iodine.
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